Protein-enriched pea flour is toxic and repellent to three major stored grain pests, the rice weevil, Sitophilus oryzae (L.), the red flour beetle, Tribolium castaneum (Herbst) and rusty grain beetle, Cryptolestes ferrugineus (Stephens). A unique and valuable aspect of the protein-enriched pea flour is that it is not toxic several parasitoids that are associated with two of these insect pests. These parasitoids include Anisopteromalus calandrae (Hymenoptera: Pteromalidae), a parasitoid of S. oryzae, and Cephalonomia waterstoni (Hymenoptera: Bethylidae), a parasitoid of C. ferrugineus. Two large scale tests, including one test in combination with the parasitoids, were conducted to evaluate the effectiveness of the pea flour as a grain protectant.
Introduction
Insect pests cause damage to stored grain by reducing dry weight, nutritional value, and seed viability (Semple et al., 1992) . Synthetic insecticides, such as deltamethrin, malathion, chlorpyrifos-methyl, and the fumigants, phosphine, methyl bromide, are the primary treatments used for grain protection (Harein and Davis, 1992; Arthur, 1996) . However, increased concerns by consumers over insecticide residues, the occurrence of insecticide-resistant strains and the precautions necessary for the application of these traditional chemical insecticides call for new approaches to control stored-product insect pests (Zettler and Cuperus, 1990; Subramanyam and Hagstrum 1995; Cochran, 1995) .
Higher plants are a rich source of novel insecticides (Prakash and Rao, 1997) . The insecticidal activity of many plant derivatives against several stored-product pests has been demonstrated (Jacobson, 1989; Golob et al., 1999; Weaver and Subramanyam, 2000) . Azadirachtin from the Indian neem tree (Azadirachta indica A. Juss., Meliaceae) (Saxena et al. 1988; Jilani and Saxena, 1990) , and pyrethrum from chrysanthemums (Prakash and Rao,1997) have received the most attention. However, because of the structural complexity of azadirachtin, the instability of pyrethrum, the availability and the high cost of both, the search for other natural insecticides is continuing.
Legume seeds contain a wide range of allelochemicals with toxic and deterrent effects against insect pests (Harborne et al., 1971; Bell, 1978) . Yellow split-peas (Pisum sativum L.) mixed with wheat resulted in a marked reduction of survival and reproduction rate of Sitophilus oryzae (L.) (Coleoptera: Curculionidae) (Coombs et al. 1977; Holloway, 1986) . Protein-enriched pea flour causes adult mortality and reduced reproduction for several stored-product insect pests (Bodnaryk et al., 1997) , and is repellant to many stored-product insects (Fields et al., 2001) . Delobel et al. (1998) have isolated a polypeptide from peas that is toxic to stored-product insects.
Sitophilus oryzae, Tribolium castaneum (Herbst) and Cryptolestes ferrugineus (Stephens) are cosmopolitan stored-product insects. Anisopteromalus calandrae (Howard) (Hymenoptera: Pteromalidae) is an ectoparasitoid of rice weevil. Cephalonomia waterstoni (Gahan) (Hymenoptera: Bethylidae) is an ectoparasitoid of the rusty grain beetle. Both parasitoids effectively suppressed the population of S. oryzae and C. ferrugineus (Press et al., 1983; Cline et al., 1978; Flinn et al.,1996) . Our preliminarily laboratory tests have shown that neither of these parasitoids were significantly affected by protein-enriched pea flour (unpublished data). The goals of this study were (1) to determine if the protein-enriched pea flour can suppress pest insect populations in barley in large granaries under farm storage conditions, and (2) to determine if the combination of wasps and protein-enriched pea flour can protect wheat from insect attack.
Materials and Methods
Protein-enriched pea flour (60% protein, 30% starch, 7% moisture content) was provided by Parrheim Food, Saskatoon, SK.
Granary trials
The granary trials were conducted at Genlea, Manitoba (48E38'N, 97E09'W) from 17 August to 2 November 1999 with six 30-t capacity farm granaries that had perforated floors. Each granary was filled with approximately 11 t of barley with moisture content of 12.9%. The proteinenriched pea flour was mixed into the barley at the base of an auger running at a rate of 0.5 t/min. There were three treatments with two replications: (1) untreated controls, (2) all barley treated at 0.1% protein-enriched pea flour and (3) only the barley in the top half of the granary treated with 0.5% protein-enriched pea flour.
Insects
Three species, S. oryzae, T. castaneum and C. ferrugineus, were obtained from laboratory cultures reared at 30 °C, 70% relative humidity (RH). Sitophilus oryzae was reared on whole kernels of wheat, T. castaneum on wheat flour mixed with 5% brewer's yeast, and C. ferrugineus on wheat kernels with 5% wheat germ and 5% brewer's yeast.
Sitophilus oryzae and T. castaneum were released on August 23 at the rate of approximately 2 insects per species per kg of barley (22,000 insects per granary) and C. ferrugineus at approximately 1.4 insects per kg (15,000 insects per granary). During the release, five boxes (30 x 30 x 30 cm) with a screened floor (2 mm 2 openings) and an open top were buried at the sampling points. One box was located in the centre of the granary and the other four boxes were placed half way between the center and the granary wall at each of the compass points. Three insect species were equally placed in five 4-liter jars containing 2.5 kg of barley taken from the granaries, and poured into the boxes (30 x 30 x 30 cm) which were then filled with untreated barley to the top edge of the boxes. Insects could move freely between the release boxes and the grain mass though the screened floor and the open top. The boxes were removed 10 d after the release date.
Sampling
Ten 1-kg samples were taken from each granary on 21 October 1999 (59 d after release of insects). Five top samples were taken with a 1-liter cup at the surface where the release boxes were buried. Five middle samples were taken at 1 meter below the surface location with a 0.3-liter torpedo probe sampler. Samples were examined in the laboratory, the adult insects were removed from the barley using a sieve with 2 mm 2 openings, and the species and number of live and dead insects were noted. To estimate internal insects, after adult insects were removed, grain samples were placed in a 4-liter jar and held at 30 °C, 70% RH for 5 wk, and the grain was sieved a second time and the adults were counted.
Temperature
A data logger (CR10, Campbell Scientific Corp., Edmonton, Alberta, Canada) was used to record temperature. In each granary, 12 thermocouples were placed in the grain mass at three depths (5 cm below the surface; 1 m below the surface; and 5 cm above the bottom) and four locations per depth (20 cm from the northern wall; the center; the middle between the middle and the southern and northern wall). Temperatures were checked every 12 min and recorded as the mean for every hour.
Protein-enriched pea flour combined with parasitoids in barrel tests
Anisopteromalus calandrae was cultured on 3-week-old S. oryzae larvae in wheat kernels with 14% moisture content. Cephalonomia waterstoni was reared on 4-week old C. ferrugineus larvae, which were cultured in the wheat flour mixed with 5% ground wheat germ and 5% ground Brewer's yeast. All cultures were maintained at 30 °C, 70% RH.
Twelve steel barrels (168 cm high 58 cm diameter), each containing 330 kg wheat with 13.5% moisture content, were set up in a room maintained at 25 °C, 40-70% RH. Four treatments with 3 replicates per treatment were prepared: (1) untreated controls, (2) parasitoids alone, (3) 0.1% pea flour + parasitoids, and (4) 0.04 % pea flour + parasitoids. On 18 June 2001, S. oryzae, T. castaneum and C. ferrugineus were released on the surface of the wheat at a density of 2 insects per kg wheat. After 29 days, a single innoculative release of C. waterstoni and A. calandrae at the age of 1-7 days was conducted. The release density was 2 parasitoids per species per kg of wheat, or a 1:1 parasitoid: host ratio based on the initial release rate of the pest insects. The barrels was sealed with a fine cloth screen. On 29 October 2001, or about 5 months after the wheat was infested, three grain samples (about 1 kg each) were gently vacuumed from each barrel. Sampling locations were the top layer (20 cm from the surface), the middle layer (68 cm from the top), and the bottom layer (24 cm from the bottom). The number of insects in the samples was determined.
Data Analysis
Data from the granary and the barrel tests were analyzed by using SAS PROC GLM (SAS Institute Inc., 2000). Number of insects in grain samples were transformed with logarithm of X + 0.0001. Treatment means were tested for significance with SAS CONTRAST.
Results and Discussion

Granary trials
The grain temperature decreased constantly at a rate of 1.8 °C per week. The grain temperature was 23.2 °C at the start of this study, and ranged from 6 to 9 °C when samples were taken. Protein-enriched pea flour reduced the population of parent S. oryzae and C. ferrugineus, and the offspring of S. oryzae in the top layer (Table 1) . No live parent S. oryzae were found in the top layer in either the pea-protein treated granaries or in the middle layer in 0.1% entire treated grannaries. Protein-enriched pea flour reduced the population of T. castaneum in the middle layer. Overall in the granaries, compared with populations in the untreated controls, the population of S. oryzae was reduced by 100% for parents (F =28.8, df = 1, P = 0.0007) and 81% for offspring (F = 6.3, df = 1, P = 0.0367) in 0.1% protein-enriched pea flour treatments, and 94% for parents (F = 17.6, df = 1, P = 0.0030) and 94% for offspring (F = 8.1, df = 1, P = 0.0216) in 0.5% half pea flour treatments. Parent population of T. castaneum was reduced by 74% in 0.1% treatment (F = 5.0, df = 1, P = 0.0558) and 81% in 0.5% treatment (F = 9.78, df = 1, P = 0.0141). Parent population of C. ferrugineus was reduced by 89% (F = 0.63, df = 1, P = 0.4488) in 0.1% treatment and 94 in 0.5% treatment (F = 4.7, df = 1, P = 0.0623). Neither pea flour treatment significantly reduced the offspring of T. castaneum or C. ferrugineus (P > 0.05).
Protein-enriched pea flour apparently altered the distribution of insects between layers. The top layer had significantly more offspring of S. oryzae (F = 31.1, df = 1, P = 0.0307) and T. castaneum ( F =78, df =1, P = 0.0126), and less offspring of C. ferrugineus (F =72346, df =1, P = 0.0004) than middle layer in the untreated granaries (Table 1) . However, no significant difference in the number of offspring between two layers was found for all three species in both pea flour treated granaries (P > 0.05). Protein-enriched pea flour also changed the distribution of parent C. ferrugineus between layers.
Protein-enriched pea flour combined with parasitoids in barrel tests
With S. oryzae, only the combination of 0.1% protein-enriched pea flour with parasitoids significantly reduced the population size by 99.8% (P < 0.05) (Fig. 1) . The high variability of population density in the control barrels made it difficult to detect significant differences between the treatment and control. For example, the 92% reduction in the population size in treatment of 0.04% pea protein flour combined with parasitoids A. calandra and C. waterstoni was not significantly different from the controls. Similarly, the parasitoids A. calandra and C. waterstoni reduced the population size by 72% but was not significantly different from the controls. Although, a single inoculative release of A. calandrae at a 1: 1 parasitoid: host ratio reduced the S. oryzae population by about 70%, a higher ratio of parasitoids to hosts would probably result in a more significant reduction, particularly if only a single release is used.
As was the case with S. oryzae, compared to the controls, the T. castaneum population reduced 28, 44, and 82% in the treatments of parasitoids only, parasitoids with 0.04% pea flour and parasitoids with 0.1% pea flour respectively (Fig. 1) . However, none of these differences was statistical different due to the high variability among barrels. Since neither parasitoid we released attacks T. castaneum, the reduction of the population might result from the interaction among species or the effect of protein-enriched pea flour.
In this test, the population of C. ferrugineus was too low (Fig. 1) to assess the biological significance of any treatment effects. Even though C. ferrugineus will feed and develop well in whole wheat with dockages, there was essentially no population increase in either the control or treatment barrels on 29 October. It is not known whether biotic or abiotic factors or some combination of such factors resulted in the lack of population growth.
Protein-enriched pea flour significantly reduced populations of T. castaneum and C. ferrugineus in the granary test but not in the barrel test. The reasons could be that in the granary test, insects could leave the grain mass easily through perforated floors or from the top of the grain mass. Protein-enriched pea flour is both toxic and repellant to stored-product insects (Bodnaryk et al., 1997; Fields et al. 2001) . However, in the barrel test, insects could not leave the barrels.
One limitation of using pea flour to control stored-produce insects in commercial granaries is that Rhyzopertha dominica (F.), the lesser grain borer is not controlled at 0.1% pea flour (Bodnaryk et al., 1997) . Anisopteromalus calandrae parasitizes a wide range of storedproduct insects including R. dominica (Chatterji, 1955; Ahmed, 1996) . Unlike diatomaceous earth which is toxic to A. calandrae (Perez-Mendoza et al., 1999) * There were differences between top and middle layer within the treatment (P<0.05, SAS Contrast).
